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ABSTRACT 

Novel  ceramic  matrix  composite  tubes  for 
deep  submergence  pressure  vessel 
applications  have  been  fabricated  by  the 
DIMOX''”  directed  metal  oxidation  process. 
These  SiC/Al203  composite  tubes  have  an 
eight  percent  lower  weight-to-displacement 
ratio,  approximately  “ive  times  greater 
thermal  conductivity,  and  more  than  50% 
higher  fracture  toughness  than  a  tube 
fabricated  from  alumina  ceramics. 
Additionally,  the  SiC/Al20,3  composite  tubes 
have  a  sixty  percent  lower  weight-to- 
displacement  ratio  and  a  12  times  greater 
thermal  conductivity  than  Ti-6AI-4V  -»Uoy 
tubes.  Processing  information,  hydrostatic 
implosion  test  results,  and  mechanical  test 
data  will  be  discussed. 

INTRODUCTION 

Deep  submergence  systems  require 
pressure  resistant  capsules  with  low 
wcight-to-displacement  ratios  (s  C.5)  for  the 
successful,  efTicient  performance  of  their 
missions* ’■2>.  A  large  positive  buoyancy  can 
greatly  enhance  vehicle  payload, 
operational  range,  and  speed,  whereas  poor 
hull  design,  construction  from  heavy 
materials,  or  the  use  c;  external  buoyancy 
materials  (such  as  syntactic  foam)  can  have 
deleterious  effects  on  systems  cost  and 
operation.  There  is  some  niovement  away 
froHi  accepted  construction  materials,  like 
Ti-6A1-4V'  alloy,  toward  materials  with 


lower  weight-to-displacement  ratios,  such 
as  ceramics  and  ceramic  matrix 
composites. 

To  arrive  at  an  operationally  usable 
external  pressure  housing  of  ceramic 
material,  several  fabrication  and  design 
problems  need  to  be  solved  that  have,  in  the 
past,  worked  against  the  acceptance  of  such 
housings  by  the  ocean  engineering 
community.  Not  the  least  among  these 
problems  is  the  economical  fabrication  of 
large  ceramic  cylinders.  Alumina 
ceramics  have  met  with  some  limited 
success,  but  it  is  clear  that  new  technologies 
are  needed  to  produce  large  scale  net,  or 
near-net  shape  ceramic  cylinders.  To  this 
end,  the  Naval  Ocean  Systems  Center  in 
San  Diego,  CA,  and  Lanxide  Corporatiuti, 
Newark,  DE,  set  out  to  demonstrate  the 
viability  of  fabricaur.g  ceramic  composite 
submersible  cylinders  by  the  DIMOX^'* 
directed  metal  oxidation  process,  a  unique 
process  patented  by  I.Tnxide  Corporation, 
Tlie  initial  goal  is  to  fabricate  and  test  15,  30 
and  51  cm  (6.  12.  and  20  inch)  diameter 
tubes  (L/D  =  1.5  )  using  this  process. 

background 

Ceramics,  by  their  iiaiui'r,  are  inherently 
brittle  materials.  Although  very  strong  and 
hard,  their  resistance  to  cock  propagation 
is  low,  often  leading  to  catast.ophic  failure 
of  the  part.  The  strength  of  ceramics  is 


greatly  affected  by  their  microstructural 
uniformity  and  homogeneity.  Flaws  such 
as  voids,  pores,  impurities,  cracks,  and 
microcracks  can  strongly  influence 
mechanical  properties.  Unfortunately, 
these  are  common  defects  associated  with 
standard  forming  and  densification 
methods  used  in  the  ceramics  industry,  and 
cannot  be  easily  avoided.  Due  to  these 
factors,  ceramics  exhibit  a  sensitivity  to 
point  contact  loading,  which  might  occur 
during  handling,  maintenance,  and 
routine  operation  of  the  submersible.  Since 
<nich  occurrences  are  inevitable,  steps  must 
be  taken  either  to  protect  the  vehicle  to 
improve  its  survivability,  or  else  select  a 
construction  material  possessing  properties 
better  suited  for  this  type  of  application. 
Whatever  the  material,  these  applications 
require  that  pressure  vessels  be  available  in 
a  broad  range  of  sizes.  The  overall  viability 
of  ceramics  as  a  material  for  pressure 
vessels  will  depend  not  only  on  performance 
but  also  on  the  technical  and  economic 
feasibility  of  the  manufacture  of  relatively 
large  shapes. 

Aluminum  oxide  is  one  ceramic  material 
that  has  received  a  considerable  amount  of 
attention  as  a  candidate  for  this 
application^'  ®*.  Its  favorable  mechanical 
properties  include  high  compressive  and 
flexural  strengths,  high  elastic  modulus, 
resistance  to  corrosion,  and  relatively  lov/ 
cost.  However,  fabrication  issues, 
particularly  for  large  scale  applications,  are 
of  considerable  concern.  Forming  and 
handling  of  the  green  ceramic  body, 
densification,  and  machining  of  the  fired 
part  can  be  difficult  and  labor  intensive  and 
present  challenging  technical  issues  that 
must  be  surmounted.  Green  body  forming 
by  isostatic  pressing  is  a  well  established 
techniqu';  in  which  «  desired  shape  is 
produced  by  compacting  a  prepared  powder 
and  binder  mixture  in  preshaped  tooling 
using  hydrostatic  pressure.  This  is  an 
effective  means  of  producing  even  relatively 
large  parts  but  requires  proper  powder 
preparation,  tooling  investments,  and,  for 
big  parts,  the  use  of  scarce  large  pressure 


chambers.  Parts  produced  by  this  and  other 
traditional  ceramic  fabrication  processes 
must  then  be  densified  by  sintering, 
resulting  in  up  to  30  volume  percent 
shrinkage  of  the  component.  This,  along 
with  warping,  slumping,  and  cracking 
often  associated  with  the  sintering  of  large 
ceramic  bodies,  makes  net  shape  forming 
difficult  if  not  impossible  to  achieve.  Thus, 
extensive  costly  machining  of  the  very  hard 
ceramic  body  is  required  to  achieve  high 
tolerances. 

TECHNOLOGY  OVERVIEW 

Lanxide  Corporation  has  demonstrated  a 
unique  and  highly  versatile  process  for  the 
fabrication  of  fully  dense  ceramic  matrix 
composites.  Specifically,  the  UIMOX^” 
directed  metal  oxidation  process  is  the 
generation  of  composite  matrices  formed  by 
literally  "growing"  them  from  commodity 
metals  via  a  r.  jvel  oxidation  process  which 
bonds  filler  media  into  cohesive,  high 
performance  composites  (Figure  1).  Such 
filler  media  may  include  ceramic 
reinforcing  particles,  fibers,  or  whiskers. 
In  the  case  of  particles,  the  filler  material 
can  be  shaped  into  a  preform  by  any 
"classic”  ceramic  shape  forming  technique, 
such  as  slip  casting,  injection  molding,  or 
pressing.  A  barrier  material  is  applied  to 
the  surface  ol'  the  preform  to  confine  the 
matrix  growth  to  the  preform,  thus  defining 
the  shape.  A  key  feature  of  the  process  is 
that  the  filler  materials  are  not  displaced  or 
disturbed  during  the  matrix  formation, 
enabling  net  or  near  net  shape  fabrication  of 
complex  geometries. 

These  LANXIDE’’'’  ceramic  matrix 
composite  matrices  are  a  three 
dimensionally  interconnected  ceramic 
structure,  containing  one  or  more  metallic 
phases  that  may  or  may  not  be  three 
dimensionally  interconnected,  depending 
upon  processing  conditions.  The  ceramic 
matrix  composites  behave  mechanically  as 
tough,  strong  ceramics,  in  some  cases 
having  three  to  four  times  the  fracture 
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toughness  of  ceramics  produced  by 
conventional  processes.  Further 
information  about  the  processing  and 
general  characteristics  of  these  composites 
is  available  in  the  literature. 6 

DESIGN  DEFnSTnON 

The  design  selected  for  the  NOSC  ceramic 
housing  utilizes  monocoque  cylinders  with 
a  length/diaraeter  ratio  of  1.5  and  a  wall 
thickness/diameter  ratio  of  0.034.  The  ends 
of  the  cylinders  are  capped  by  metallic  joint 
rings  securely  bonded  to  the  ceramic  with 
epoxy  adhesive.  These  rings  mate  cither 
with  removable  metallic  stiffeners  or 
similar  rings  bonded  to  ceramic 
hemispherical  bulkheads.  The  removable 
ring  stiffeners  align  the  ends  of  the 
cylinders  during  assembly,  contain  the  O- 
ri^*^  seals,  and  serve  as  components  of 
mechanical  joints  for  fastening  together 
indi'.idual  cylinders  and  hemispheres  into 
a  single  housing  assembly.  The  advantages 
of  monocoque  cylinders  (supported  radially 
at  the  ends  by  removable  metallic  stiffeners) 
over  cylinders  with  integral  ceramic  ring 
stiffeners  are  reduced  fabrication  costs 
(resulting  from  the  simplicity  of  the 
geometry)  and  an  increase  in  the  diameter 
and  volume  of  internal  payload  envelope. 

.MATERIALS 

The  versatility  of  the  DIMOX^”  directed 
metal  oxidation  process  allows  for  the 
incorporation  of  a  wide  range  of  filler 
particle  chemistries,  morphologies,  and 
size  distributions  as  preform  materials. 
This  unique  ability  permits  individual 
material  systems  and  their  properties  Ic  be 
tailored  to  the  specific  requirements  of  a 
given  application.  Preliminary  studies  with 
a  variety  of  filler  sizes  showed  that  a  500  grit 
silicon  carbide  composite  with  a  grown 
aluminum  oxide  matrix  (termed 
LANXIDE^"  90-X-089  SiC  reinforced  A1203 
ceramic  matrix  composite  and  referred  to 
hereafter  as  "90-X-089  CMC")  demonstrated 


acceptable  or  better  mechanical  properties 
than  those  required  for  this  application. 

Table  1  shows  a  comparison  of  mechanical 
properties  for  90-X-089  CMC  and  94  percent 
alumina  ceramic.  The  90-X-089  CMC  meets 
or  exceeds  the  specified  mechanical 
properties  for  this  application  and  has 
distinct  advantages  over  alumina  in  several 
areas.  The  lower  density,  3400  kg/m® 
(versus  3620  kg/m®  for  94  percent 
aluminum  oxide  ceramic  and  4430  kg/m® 
for  Ti-6A1-4V)  provides  for  increased 
buoyancy  and  therefore  increased  vehicle 
payload  capacity.  The  higher  fracture 
toughness  is  especially  important  in 
inhibiting  initiation  and  propagation  of 
cracks  on  the  ceramic  bearing  surfaces 
bonded  to  metallic  joint  rings  during  the 
repeated  pressurizing  and  depressurizing 
of  the  pressure  housing  while  in  operation, 
reducing  the  risk  of  catastrophic  failure. 
The  large  advantage  in  thermal 
conductivity  is  especially  important  for 
conduction  of  heat  produced  by  functioning 
equipment  inside  the  pressure  housing  to 
the  outside  environment.  The  90-X-089 
CMC  also  possesses  a  higher  elastic 
modulus,  compressive  strength,  and 
thermal  conductivity  than  Ti-6Al-4V  alloy 
commonly  used  for  construction  of  pressure 
resistant  housings  on  deep  submergence 
vehicles. 

CYLINDER  FABRICATION 

'I'he  fabrication  of  15  cm  (6  in.)  diameter 
model  scale  cylindrical  test  specimens 
served  to  demonstrate  the  applicability  of 
the  DIMOX^"  directed  metal  oxidation 
process  to  the  production  of  cylindrical 
monocoque  pressure  housings  for  62  MPa 
(9,000  psi)  service  (Figure  2).  Silicon  carbide 
powder  was  consolidated  into  cylindrical 
preform  shapes  by  a  simple  technique 
providing  less  than  1%  dimensional 
changes  during  processing;  hence,  little  or 
no  green  machining  of  the  preform  is 
required.  Appropriate  surfaces  of  the 
preform  are  then  coated  with  a  barrier 
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material  to  confine  the  "growth"  of  the 
matrix  to  the  boundaries  of  the  preform, 
after  which  it  is  placed  in  a  refractory  boat 
in  contact  with  aluminum  alloy.  The  boat  is 
put  into  a  furnace  and  heated  to  a 
temperature  of  about  1000°C.  When  growth 
is  completed,  the  composite  is  furnace 
cooled.  Some  grit  blasting  may  by  required 
to  remove  residual  alloy  from  the  surface  of 
the  composite.  Lighi  machining  or  touch 
up  giinding  may  be  necessary  depending  on 
tolerance  and/or  surface  finish 
requirements,  but  only  a  small  fraction  of 
the  total  volume  of  the  composite  cylinder  is 
removed.  Further  machining  of  the 
cylinder  ends  may  be  required  for  proper  fit 
of  joint  rings.  The  cylinders  are  inspected 
visually  and  ultrasonically  for  defects  before 
pressure  testing. 

TEST  PROCEDURES  AND  RESULTS 

Five  model  scale  15  cm  (6  ri.)  diameter 
'•ylinders  (Figure  2)  were  subjected  to 
external  pressure  testing.  Prior  to  the  tests, 
all  but  the  first  cylinder  were  instrumented 
with  electric  resistance  strain  gauges  and 
an  acoustic  emission  transducer  using 
procedures  previously  described'!  "**.  The 
ends  of  the  cylinders  were  enclosed  with 
titanium  joint  rings  bonded  to  the  ceramic 
matrix  composite  (CMC)  with  epoxy  resin 
(Figure  3).  .'rior  to  performance  of  proof 
tests  to  69  MPa  (10,000  psi)  the  cylinders 
w?re  closed  off  with  hemispherical 
titanium  bulkheads  providing  radial 
support  to  the  ends  of  the  cylinder,  and 
sealed  by  wrapping  the  exterior  of  the  joi.it 
with  vinyl  electrical  insulation  tape 
(Figures  4  &  5).  For  implosion  testing  the 
hemispherical  bulkheads  were  replaced 
with  plane  aluminum  bulkheads  designed 
to  provide  radial  support  to  the  ends  of  the 
cylinder  (Figures  6  &  7)  at  pressures  in 
excess  of  69  MPa  (1U,(;'J0  psi,'.  Testing  was 
performed  in  a  pressure  vessel  having 
electrical  feed-throughs  which  allowed  the 
strain  and  acoustic  emission  signals  to  be 
externally  monitored.  Pressures  were 
increased  in  -7  MPa  (1,000  psi)  increments 
until  the  maximum  desired  pressure  was 


achieved.  The  strains  were  recorded  at 
each  pressure  increment,  while  the 
acoustic  emissions  were  recorded 
continuously. 

The  test  parameters  and  results  are 
presented  in  Table  2.  The  first  test 
performed  on  cylinder  A  (SNOl)  was  a 
preliminary  one  to  bracket  the  performance 
of  the  new  material,  and  thus  was  not 
instrumented.  In  the  next  three  test  scries 
utilizing  cylinders  B  (SN02),  C  (SN03)  and  D 
(SN04),  the  cylinders  were  subjected  to 
various  numbers  of  proof  tests  (from  zero  to 
four)  prior  to  determining  the  critical 
pres.'-ure  for  implosion.  The  E  (SN05) 
cylinder  was  subjected  to  four  proof  tests  to 
a  maximum  pressure  of  69  MPa  (10,000  psi) 
and  then  pressure  cycled  one  hundred 
times  to  a  design  pressure  of  62  MPa  (9,000 
psi).  This  is  the  equivalent  of  repeatedly 
submerging  the  cylinder  to  an  initial  depth 
of  -6,770  m  (-22,000  fl.)  for  the  first  four 
dives,  and  then  to  -6,100  m  (-20,000  fl.)  for 
the  next  100  dives.  While  being  pressure 
cycled,  the  cylinder  was  subjected  to  the 
design  pressure  of  62  MPa  (9,000  ksi)  for  a 
total  of  170  hours.  Examination  of  the 
component  at  the  end  of  this  sequence 
showed  no  damage.  The  E  (SN05)  cylinder 
was  subsequently  pressure  cycled  to  93  MPa 
(13,500  psi)  to  establish  its  tolerance  to 
infrequent  overpressurizations  encountered 
during  excursions  of  the  autonomous 
underwater  vehicle,  AUV,  beyond  the  6,100 
meter  design  depth.  The  cylinder 
successfully  withstood  100  cycles  to 
simulated  9,150  m  depth  without  failure. 
The  cumulative  duration  of  sustained 
loadings  was  196  hours. 

Examination  of  the  fragments  from 
imploded  composite  cylinders  indicated  that 
the  failure  mechanism  was  elastic 
buckling.  In  comparison  to  previously 
tested  94  percent  alumina  cylinders  the 
fragments  were  rather  l«rge.  In  the  first 
test,  A  (SNOl),  a  subsized  aluminum  tube 
coated  on  its  exterior  with  a  rubber  layer 
was  inserted  inside  the  composite  tube  prior 
to  attaching  the  end  caps.  The  function  of 
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this  insert  was  to  mitigate  the  shock  waves 
generated  by  implosion  so  that  larger 
fragments  would  remain  after  implosion 
facilitating  inspection  of  fracture  surfaces. 
At  ambient  pressures,  an  annular 
clearance  of  several  millimeters  existed 
between  the  outside  diameter  of  the  rubber 
and  the  inside  diameter  of  the  composite. 
Examination  of  the  post-test  composite 
fragments  showed  that  during  testing  the 
rubber  had  extruded  into  the  cracks  which 
ultimately  became  the  fragment  edges. 
This  can  be  interpreted  to  mean  that  the 
cylinder  had  buckled  prior  to  catastrophic 
failure  and  subsequently  collapsed  onto  the 
rubber  lined  aluminum  tube.  Additional 
evidence  for  buckling  is  that  the  mean 
nominal  compressive  hoop  stress  at 
implosion,  172.5  MPa  (250,000  psi),  is  lower 
than  the  material's  uniaxial  compressive 
strength  of  195.0  MPa  (283,000  psi)  and  that 
the  critical  pressure  is  close  to  the  value 
calculated  for  buckling  of  a  cylinder  using 
the  von  Mises  equations  for  prediction  of 
elastic  instability^**. 

The  recorded  compressive  strains  on  the 
cylinders  were  linear  to  the  moment  of 
implosion.  During  repeated 

pressurizations,  a  0.02  percent  set  was 
observed  after  the  first  pressurization  to  62 
MPa  (9.000  psi);  the  material  behaved  in  a 
perfectly  clastic  m?  er  during  subsequent 
pressurizations  to  ign  pressure.  Fewer 
acoustic  emissions  >vere  recorded  on  the 
CMC  cylinders  than  on  identical  alumina 
ceramic  cylinder  during  the  first 
pressurization.  During  subsequent 
pressurizations  to  62  MPa  (9.000  psi)  the 
acoustic  emissions  ceased,  indicating  total 
absence  of  any  crack  growth,  or  relative 
displacement  between  ci'ystals  in  the  body  of 
the  material. 

DISCUSSION 

There  are  obvious  structural  advantages  in 
using  monolithic  ceramics  and  ceramic 
matrix  composites  in  submersible  vehicle 
applications.  These  materials  have 
superior  specific  elastic  moduli  and  specific 


compressive  strengths  when  compared  to 
metals.  The  critical  hydrostatic  pressures 
for  failures  of  long  cylinders  of  several 
candidate  materials  are  compared  in 
Figure  8.  Two  types  of  failure  mechanisms 
for  cylinders  are  shown  on  the  plot:  the 
linear  relationships  represent  yield  or 
ultimate  strength  failures  and  the  curved 
relationships  represent  elastic  buckling  of 
infinitely  long  monocoque  cylinders  without 
stiffeners.  At  a  given  weight  to 
displacement  ratio,  the  cylinder  will  fail  by 
the  mechanism  requiring  the  least 
magnitude  of  pressure.  The  plot  shows  that 
long  cylinders  of  the  three  materials  will 
fail  by  buckling.  The  ceramic  and  the 
composite  will  out  perform  the  titanium 
alloy  over  the  total  range  of 
weight/displacement  and  pressure. 

In  the  tests  performed  in  the  present 
program,  the  90-X-089  CMC  failed  at  critical 
pressures  similar  to  the  identically  sized  94 
percent  AI2O3  previously  tested^'*.  In 
agreement  with  the  calculations,  the  CMC 
cylinders  had  an  8%  buoyancy  advantage 
over  94  percent  alumina  ceramic  cylinders 
supported  radially  at  the  ends  with  identical 
titanium  hemispheres. 

The  90-X-089  CMC  has  also  demonstrated 
superior  cyclic  fatigue  properties  than  the 
94  percent  alumina.  Test  data  from 
previous  NOSC  test  programs  has  shown 
that  alumina  tends  to  spall  on  the  plane 
bearing  surfaces  of  the  cylinder  ends 
during  cyclic  pressurizations.  These  spalls 
increased  in  size  with  each  pressure  cycle 
until  the  ceramic  cylinder  imploded 
catastrophically”*.  The  number  of  load 
cycles  required  for  crack  initiation  varied 
with  the  type  of  gaskets  and  bearing  stress. 

The  superior  resistance  of  CMC  to  crack 
initiation  and  propagation  was 
demonstrated  by  subjecting  material  test 
specimens  to  repeated  uniaxial 
compression  loading  on  specimens 
measuring  9.5  mm  diameter  by  19  mm  long 
until  failure  occurred  due  to  progressive 
spalling  that  initialed  on  the  plane  bearing 
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surfaces.  Two  types  of  tests  were  run.  In 
the  first  test  a  specimen  of  each  type  (96% 
alumina  and  SiC/Al203  composite)  was 
subjected  to  -10,000  cycles  between  0  and  - 
1,0  GPa  and  then  examined.  As  shown  in 
Table  D,  a  7  mm  long  crack  had  propagated 
parallel  to  the  stress  axis  in  the  96% 
alumina  sample  but  none  had  propagated 
ill  the  SiC/Al203  compiosite.  The  alumina 
sample  was  subjected  to  an  additional  2,000 
cycles  and  on  reexamination,  the  original 
crack  had  extended  another  1.5  mm  and  a 
new  crack  initiated.  The  composite  sample 
was  subjected  to  an  additional  26,680  cycles 
at  a  higher  stress  (1.5  GPa)  prior  to  failing. 
In  the  second  test  in  Table  3,  a  small  crack 
was  put  into  the  ends  of  each  of  the 
specimens  with  a  microhardness  indentor. 
The  96%  AI2O3  specimen  was  subject  to  10 
cycles  between  0  and  1  GPa  and  examined. 
A  2.3  mm  crack  had  initiated  from  the  end, 
but  it  was  not  associated  with  the 
indentation  crack.  After  another  90  cycles, 
this  crack  had  extended  to  6.6  mm.  The 
SiC/Al20  3  composite  showed  no  crack 
initiation  after  20,000  cycles  to  -1  GPa 
(145,000  psi).  Therefore  the  number  of 
cycles  to  appearance  of  spalling  and 
subsequent  failure  was  significantly  larger 
for  the  CMC  than  for  the  94  percent 
alumina  ceramic  for  the  same  magnitude 
of  bearing  stresses.  This  improvement  in 
fatigue  life  is  probably  attributable  to  the 
higher  fracture  toughness  of  the  CMC,  and 
its  better  resistance  to  subcritical  crack 
growth. 

Another  important  advantage  of  the 
composites  with  respect  to  Ti  alloys  or 
monolithic  aluminas  is  their  thermal 
conductivity.  As  shown  in  Table  1,  the  90-X- 
089  CMC  is  -12  times  better  than  Ti-6A1-4V 
and  -6  times  better  than  94  percent  AI2O3. 
Thus,  submersibles  made  with  the  90-X-0b9 
CMC  can  maintain  lower  internal 
temperatures,  which  is  an  important 
consideration  for  electronic  components, 
when  packed  to  capacity  with  heat 
generating  equipment. 


Although  higher  purity  aluminas  have 
better  specific  properties  than  94  percent 
alumina,  they  arc  much  more  difficult  to 
fabricate  in  the  large  sizes  required  for  most 
deep  submergence  vehicles.  This  should 
not  be  a  limitation  for  composite  cylinders 
and  hemispheres  fabricated  from  the  90-X- 
089  CMC  by  the  DIMOX^*^  directed  metal 
oxidation  process.  Further,  as  the 
technology  matures,  optimized  versions  of 
the  90-X-089  CMC  can  be  expected  to  yield 
improved  properties.  Lanxide  is  currently 
in  the  process  of  fabricating  a  31  cm  (12  in.) 
diameter  by  46  cm  (18  in.)  long  cylinder. 
The  pressure  housing  development 
program  also  calls  for  the  fabrication  of  a 
several  51  cm  (20  in.)  diameter  by  76  cm 
(30  in.)  long  cylinders  and  similarly  sized 
hemispheres. 

SUMMARY 

Model  scale  15  cm  (6  in.)  diameter  ceramic 
matrix  composite  cylinders  consisting  of  an 
alumina/aluminum  composite  matrix  filled 
with  silicon  carbide  particles  have  been 
fabricated  at  Lanxide  Corporation  by  the 
DIMOX^”  directed  metal  oxidation  process 
and  pressure  tested  to  destruction  at  the 
Naval  Ocean  Systems  Center.  While  the 
critical  pressures  for  failure  are  similar  to 
that  of  similarly  sized  94  percent  alumina 
cylinders,  the  composite  material  has  a 
lower  density  and  thus  a  buoyancy 
advantage  over  the  monolithic  ceramic 
material.  In  cyclic  compression  tests  to 
stress  levels  encountered  in  cylinders  at 
design  depths,  the  composite’s  fatigue  life 
has  proven  to  be  superior  to  alumina.  Due 
to  near-net  shape  fabrication  methods,  it  is 
projected  that  the  composite  will  also  have  a 
cost  advantage  over  alumina,  as  well  as 
over  titanium  alloys  for  large  pressure 
housings.  This  is  particularly  true  for 
irregular  housing  shapes,  like  cylinders 
with  ring  stiffeners,  hemispheres  with 
busses  around  penetrations,  shells  with 
irregular  radii,  etc.  Finally,  the  superior 
thermal  conductivity  of  the  composite  will 
allow  greater  dissipation  of  heat  from 
electronic  components  contained  by  the 
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pressure  housings  without  the  use  of  heat 
exchanger  coils. 

The  tests  performed  on  the  five  ceramic 
metal  composite  model  scale  monocoque 
cylinders  with  T/Dq  =  0.034  and  L/D=1.6 
have  demonstrated  that  this  monocoque 
cylinder  configuration  supported  radially  at 
its  ends  by  bulkheads  not  only  provides  a 
0.47  weight/displacement  ratio,  but  is  also 
well  suited  for  service  depths  of  6,100  meters 
(with  a  safety  factor  of  1.85)  and  intermittent 
excursions  to  9,150  meters  depth  (with  a 
safety  factor  of  1.23).  This  performance  can 
be  duplicated  by  titanium  cylinders  wdth 
identical  safety  factors  only  by  incurring  a 
100  percent  decrease  in  buoyancy  that  must 
be  compensated  for  by  the  addition  of 
syntactic  foam.  The  added  weight  of  the 
titanium  cylinders  and  of  the  syntactic  foam 
would  increase  the  weight  of  the  housing 
assembly  in  air  by  200  percent. 
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Figure  5.  Model  senie  ccr;imic  hou'-ing  iissembiy  U'^eci  for  pre'isure 
evciing  les'.'.  f  he  threaded  plug  screws  into  the  pressure  vessel 


Figure  6.  Componenis  of  the  model  scale  ceramic 
pressure  housing  used  in  implosion  testing. 


Figure  Model  scale  ceramic  housing  assembly 
jsed  in  irnplo>.i()n  UsUng  of  the  cylinders. 
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Figure  8.  Weight-to-displacement  of  cylindrical  housings 
from  different  materials.  The  straight  lines  describe  material 
failure  of  short  end-supported  cylinders.  The  curved  lines 
describe  buckling  failure  of  long,  end-supported  cylinders. 


Table  1.  Comparison  of  mechanical  properties  of  LANXIDE®  90-X-089 
SiC  filled  AljOo  composite,  94%  alumina  ceramic  and  Ti-6A1-4V  alloy. 


Property 

LANXIDE®*90-X-089 
SiC  Reinforced 
AI2O3  Composite 

94  Percent 
Alumina-Ceramic 

T|.eAI-4V 

Alloy 

Flexural  Strength,  MPa 

359 

352 

862 

(X103  psi) 

(52) 

(61) 

(125) 

Compressive  Strength,  MPa 

1952 

2103 

1070* 

(X103  psil 

(283) 

(305) 

(165) 

Density  g/cm^ 

3.40 

3.82 

4,43 

(Ib/ft3) 

(212) 

(226) 

(227) 

Elastic  Modulus,  GPa 

286 

310 

117 

(X1C6  psi) 

(43) 

(46) 

(17) 

Fracture  Toughness,  MPa  nni/2 

5.3 

3.6 

— 

fksi-in’^l 

(5.8) 

(3.8) 

— 

Thermal  Conductivity,  W/m  K 

105 

18 

9 

(BTU/hr-Ft.-F) 

(60.5) 

(10.4) 

(5.2) 

Poisson  Ratio 

0.23 

0.21 

0.3 

Compressive  yield  stress 


Table  2.  Structural  performance  of  model  scale  cylinders  under  txlernal  pressurization. 


Model 

Designation 

A 

(SN  01) 

B 

(SN  02) 

C 

(SN  03) 

E 

(SN  05) 

Dimensions 

Outside  Diameter  (In.) 

6.036 

6.033 

6.016 

6.005 

6.038 

Wall  Thickness  (In.) 

0.206 

0.207 

0.200 

0.190 

0.208 

Length  (In.) 

9.01 

9.01 

9.01 

7.513 

9.010 

Weight  (gm) 

1920 

1690 

1854 

1446 

1907 

Critical  Pressure  (psl) 

1  17,400 

1  16,000 

1  16,400 

1  16,800 

22.460* 

Nominal  Hoop  Stress  at 
Imoloslon  (osh 

254,918* 

233,160* 

246,738* 

265,484* 

325,993* 

Pr«sturlzatlont  Prior  to 
Implosion  (psi) 

1st 

2nd 

3rd 

4th 

100  cycles 
100  cycles 
100  cycles 
1  cycle 


Average  Hoop/Axial 
Strains  at  10,000  psI 
let  test 
2nd  lest 
3rd  test 

After  100  cycles  to 
9,000  psi 
After  1O0  cycis  to 
13,500  psi 
After  100  cycles  to 
19,000  pel 


Permanent  Hoop  Strain  Set 
After  Pressurltations 
1st  test 
2nd  test 
3rd  test 

After  100  cycles  to 
9,000  pal 

After  100  cycles  to 
13,500  pel 
After  100  cycles  to 
15,000  pel 


Febricalor:  LANXI05  Corporation 

Material:  Compoaltlon  BO-X-eS  (Al203>'AI  malrli  reinforced  with  SOO  gril  SIC) 

End  Cioturee:  I  Titanium  hcmiapharea  providing  radial  auppon 
i  Plane  bulkheads  providing  radial  support 
Strains:  All  etralna  are  In  mlcrolnches  per  Inch 

nealduel  atralne  were  zeroed  out  aHer  each  pressurization 
Cylinders:  6.03  Inch  outside  diameter  x  0.206  Inchee  thick  x  6.0  Inches  long 

*  Cylinder  E  has  been  shorlensd  by  3  Inches  alter  cyclic  loading 
but  prior  to  Implosion  testing 

Teel  Reeulla;  *  Cetaslrophlo  Implosion  by  elastic  Instability 
V  Catastrophic  Implosion  by  material  failure 
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Table  3.  Results  of  cyclic  uniaxial  compression  testing  of  94%  alumina  and  SIC/AL2O3  composite. 


Test  1.  Regular  Cylinder  fS.Smm  dia  x  19mm  tonal 

Maximum  Stress 

No.  of 

Material 

CEfl-OtaU 

Cycles 

Commenia 

96%  AI2O3 

■1.0  (-145) 

10,190 

7  mm  longitudinal  crack 
propagated  from  end 

•1.0  (-148) 

42000 

Original  crack  extended  to 
S.Smm.  New  2.3mm 

cracks  Initiated 

90<X-089 

•1.0  (-145) 

10,000 

No  cracks 

-1.5  (•218) 

4  26,680 

Specimen  failed 

Maximum  Stress 

No.  of 

MaiMal 

GPa  (ksl) 

Cycka 

Comments 

96%  AI303 

-1.0  (-145) 

10 

2.3  mm  longitudinal 
crack  propagated  from 
end  (Not  from  Indent) 

-1.0  (-145) 

490 

Crack  extended  to 

6.6  mm 

90>X>069 

-1.0  (-145) 

10,000 

No  cracks. 

Indentation  fretted 

-1.0  (-145) 

410,000 

No  cracks 
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APPENDIX  A 

TEST  DATA  FROM  PRESSURE  TESTING  OF  6-INCH  DIAMETER 
CYLINDERS  FABRICATED  BY  THE  LANXIDE®  CORPORATION 
FROM  ALUMINA  CERAMIC  COMPOSITE  90-X-089 


INTF  AUCTION 

Due  to  limiiations  imposed  by  the  Marine  Tech¬ 
nology  Society  on  the  length  of  Lite  paper  for 
inclusion  in  the  Proceedings  of  the  Intervention/ 
ROV  91  '"onference,  all  of  the  data  generated 
during  the  test  program  could  not  be  included. 
These  data  have  been  collected  and,  together 
with  some  discussion,  have  been  incorporated 
into  Appendix  A. 

DISCUSSION 

The  critical  pressures  in  the  range  of  16,000  to 
17,400  psi  of  6-inch  X  9-inch  L  x  0.27-inch 
thick  cylinders  simply  supported  at  the  ends  are 
the  result  of  elastic  instability,  and  not  the  result 
of  material  failure.  This  is  supported  by  the  fact 
that  cylinder  E  (SN05),  after  being  shortened 
from  9  to  6  inches  (i.e.,  from  L/D  =  1.5 
to  1.0),  successfully  withstood  pressurization  to 
21,000  psi,  and  failed  only  after  the  pressure 
was  increased  to  22,460  psi.  Based  on  the  mag¬ 
nitude  of  strains  recorded  on  the  interior  sur¬ 
faces  of  cylinders,  the  modulus  of  elasticity 
under  biaxial  compression  of  LrtN'XlDE® 
90-X-089  composite  is  calculated  to  vary 
between  40  to  45  x  10®  psi.  This  range  of  val¬ 
ues  is  supponed  by  uniaxial  compression  te.sts 
performed  on  solid-cylinder  test  specimens. 

The  compression  strength  of  LANXIDE® 
90-X-089  composite  under  biaxial  compression 
was  found  to  exceed  305,000  psi.  The  single  cyl¬ 
inder,  shortened  to  6  inches  after  100  pressure 
cycles  to  218,000  psi  to  prevent  it  from  implod¬ 
ing  in  the  17,500-18,000  psi  range  due  to  elastic 
instability,  failed  at  a  stress  level  of  326,000  psi. 
This  indic.aies  that  the  biaxial  compressive 
strength  of  this  composite  is  well  in  excess  of 
283.000  psi  attained  by  the  testing  of  the  Ameri- 
cdii  Socicly  of  1  ig  Materials  (ASTM)  .speci¬ 
mens  under  uniaxial  compression. 


It  is  interesting  to  note  that  the  magnitude  of 
compressive  strains  decreases  with  repeated 
pressurizations  until,  after  approximately 
100  pressure  cycles,  it  reaches  a  constant  value. 
The  change  in  strains  is  not  large,  but  still  signifi¬ 
cant,  indicating  a  compaction  process  taking 
place  inside  the  composite.  The  magnitude  of 
permanent  crympaction  under  biaxial  stress  level 
of  150,000  psi  is  in  the  range  of  0.02  to 
0.03  percent.  In  this  respect,  the  LANXIDE® 
composite  differs  significantly  from  alumina 
ceramics,  which  show  no  compaction  during 
compressive  stress  loading  in  the  same  stress 
range. 

The  number  of  acoustic  events  recorded  during 
the  first  pressure  testing  of  LANXIDE®  com¬ 
posite  cylinders  was  significantly  less  than  for 
alumina  ceramic.  During  succeeding  pressuriza¬ 
tions,  there  was  a  total  absetice  of  acoustic 
emissions,  as  compared  to  a  small  number 
observed  during  repeated  pressurizations  of  alu¬ 
mina  ceramic  cylinders. 

Only  a  single  spall  was  observed  on  the  plane¬ 
bearing  surface  of  cylinder  E  (SN05).  The  spall 
appeared  on  the  exterior  surface  after  a  total  of 
300  pressure  cycles  (100  cycles  to  stre.ss  level  of 
131,000  psi,  100  cycles  to  196,000  psi,  and 
100  cycles  to  218,000  psi).  In  general,  the  com¬ 
posite  appeared  to  be  more  resistant  to  spalling 
on  the  bearing  surface  than  was  alumina  ceramic 
under  the  same  test  conditions. 

FINDINGS 

1.  The  mechanical  properties  of  LANXIDE® 
composite  90-X-089  are  equal  to  those  of 
94-percent  alumina  ceramic.  The  compos¬ 
ite  is  superior  to  94-percent  alumina  ceram¬ 
ic  in  that  its  thermal  conductivity  and 
fracture  toughness  are  higher  and  its  den¬ 
sity  is  less  than  that  found  in  alumina 
ceramic. 

2.  The  actual  vveiglit-to-uispldcemerit  ratio  of 
cylindrical  housings  fabricated  from 


A-1 


LANXIDE®  composite  is  5  to  10  percent 
less  than  that  of  identical  housings  fabri¬ 
cated  from  94-percent  alumina  ceramic. 
Equipped  with  titanium  end  rings,  cylindri¬ 
cal  housings  that  were  designed  with  a 
safety  factor  of  two,  based  on  both  the  elas¬ 
tic  stability  and  material  strength,  have  a 
weight-to-displacement  ratio  that  falls  into 
the  0.45  to  0.47  range. 

FIGURES  AND  TABLES 

The  tables  and  graphic  plots  depict  the  perform¬ 
ance  of  LANXIDE®  90-X-089  ceramic  com¬ 
posite  and  the  housing  fabricated  from  it  under 
compressive  loading. 

The  data  generated  by  hydrostatic  testing  of 
each  ceramic  composite  cylinder  (except  for  cyl¬ 
inder  SNOl)  is  presented  in  both  tabular  and 
graphic  formats.  The  tables  present  the  strains 
on  the  interior  surface  of  cylinders  both  at  mid¬ 
bay  and  at  the  ends  near  •’adial  support  by  the 
end  closures.  The  graphs  show  only  the  strains  at 
midbay  and  the  acoustic  emissions  generated  by 
the  whole  housing. 

The  data  resulting  from  the  cyclic  uniaxial  com¬ 
pression  test  of  a  small  cylindrical  test  specimen 
is  displayed  graphically  as  axial  and  transverse 
strains  versus  stress.  On  the  basis  of  these  strains 
the  Poisson’s  ratio  has  been  calculated  to  be 
0.23.  This  ratio  remains  constant  through  the 
range  of  stresses  from  0  to  280,000  psi. 


The  drawings  describe  the  two  types  of  end  clo¬ 
sures  used  during  testing  of  the  6-inch  diameter 
cylinders.  The  hemispherical  end  closures  were 
used  only  on  cylinders  C  and  E  during  pressure 
cycling  in  the  0  to  10,000  psi  range.  For  testing 
at  higher  pressures,  the  hemispherical  end  clo¬ 
sures  were  replaced  with  aluminum  or  steel  flat 
bulkheads  capable  of  withstanding  higher  pres¬ 
sures.  Needless  to  say,  the  flat  bulkheads  pro¬ 
vided  stiffer  radial  suppon  than  hemispherical 
bulkheads,  which  caused  higher  flexure 
moments  near  the  supports. 

The  photographs  depict  the  gun  barrel  used  for 
pressure  testing  of  the  cylinders,  as  well  as  the 
results  of  these  tests.  The  destructive  testing 
resulted  every  time  in  fine  fragments  except  in 
the  case  of  cylinder  'SNOl),  which  had  a 
wooden  plug  filling  i..c  whole  interior  of  the 
housing.  Because  the  annular  space  between  the 
wooden  plug  and  the  ceramic  cylinder  was  only 
0.25  inch,  the  ceramic  did  not  have  the  chance 
to  shatter  into  fine  fragmetits.  The  long  frag¬ 
ments,  resembling  the  staves  of  a  barrel,  were 
generated  by  formation  of  many  buckling  lobes 
on  the  surface  of  the  cylinder  during  implosion 
at  17,400  psi. 

One  of  the  photographs  shows  the  spalling  of 
exterior  surface  on  cylinder  E  (SN05)  after  it 
was  subjected  to  300  pressure  cycles.  In  appear¬ 
ance,  the  spall  was  identical  to  those  observed 
on  alumina  ceramic  cylinders  after  extensive 
pressure  cycling.  The  depth  of  spall  was  less  than 
0.030  inch. 


PERFORMANCE  OF  LANXIDE*^®  CERAMIC  CYLINDER  A  (SN#1) 


Composition;  LANXIDE®  90-X-089  SiC  paniculate  reinforced  alumina  ceramic. 

Cylinder  Dimensions;  6.036  inches  OD  X  5.624  inches  ID  X  9.0  inches  L  X  0.206  inch 


thick. 

Cylinder  Weight;  1920  grams. 

Defects;  0.032  inch  deep  pit  on  external  surface  at  midbay. 

End  Closures;  Plane  bulkheads  providing  radial  and  axial  support. 

Critical  Pre.ssure;  The  cylinder  imploded  at  17,400  psi  during  short-term  pressurization. 
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Cylinder  B 

Strains  or  1  ANXIDE™  ceramic  cylinder  B  (SN#  02)  under  short  term  pressurization 

Cage  locationa 
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Strains  on  LANXIDE®  ceramic  cylinder  C  (SN#  03)  under  short  term  pressurization 
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Cylinder  I) 

Strains  on  LAN'XIDE'^  ceramic  cylinder  D  (SN^f  04)  under  short  term  pressurization 

Cast  local  tors 


ti  °Sst85g2e52gg§§^3(g$fc3!3 

a 

•~'0*e!5sasa(3J4aSaat'?a::  • 


^3;s»s^?§P|t;:^ss«aR;c;;:Sc;°z£K:;: 


9t  S  3  a  fc  c  a  !*  a  s  a  s  »  s  8  IS  IS  8  2  q  ■  5  ft  a 
-  °  s  s  ci  s  jg  ft  Of  5  a  j  s  R  s  8  e  5  R  5  5  n  f  a  a  5  s 

^  «  «  »  •  t  I  I  *  It 

I  ??si|lipi?§35sl??35  '  ?*:- 
^  °?!»sa»SSsS3*sS5SI3?sa  ■  §i§» 


&855:5Rlt:§SRSR!5KRSf!S;:EZ"58Sf5 


0;Z«88Sa«3R3SS«5jf3S«8S'0Z8as 


i  III: 

•  g  s  ?  2 
k  e  ®  .  =6  • 

5  Z  s  ?  i  ^ 

^  i  r  ?  i 

?  •  hiS 

sJ  fllS 


a  e  z  ft  2  g  5  8  Z  a  ffl  R  5  £  R  &  S  a  S  5 '^' S  K  8  ft  "JJ  ?  c  2 

t  T*t'‘t'  ^8Sb 

aSd  ^  * 

2«sSft3SSg8S§S5«is?i5-Sill-  Ih  I 

t»ii*»t.^»-^^o--»»^»  0-1  ti»“  m  p 

.  •  -8  5  “  5 

"  e  §  I 

a  ‘»3ftRgRiS5ft«ftS2a5:ga«R20'S8ft=  v;o‘^3 

f  7f22t;KiasH«ft5SSRaR7«a  srs  i  t  z  m  S 

£  iiiiitittttittt  It  lit  CWMStJ 

1= «{ 


§§§§§ 


§§|i§§§"ii"§i§ 


I  8  « 

£  8  S  » 
i  «  ”  5 
!  (1$ 

..  1  S-j 

|li  j 

=111 

w  5  ^  I 


A-IO 


0  20  ^0  60  80  100 
PCOUSTIC  EVENTS  X  10^ 


PRESSURE.  PS I 


STRAIN.  MICROINCHES/ INCH 


A-12 


Cylinder  E 

Strains  on  LANXIDE*  ceramic  cylinder  E  (SV#  05)  under  short  term  pressurization 
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SECTION  A-A 

Material:  7075-T6  Aluminum 


BULKHEADS  FOR  IMPLOSION  TESTING 
OF  MODEL  SCALE  CYLINDERS 


Ceramic  pressure  hull  models  I  &  2  titanium  end  closure. 


The  convened  1 2-inch  gun  barrel  used  for  pressure  testing 
of  the  model  scale  ceramic  housing  assemblies. 


.Model  scale  ceramic  cylinder  after  implosion  due  to  material  failure. 
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Model  scale  ceramic  cylinder  after  implosion  due 
10  elastic  instability  (buckling). 


Typical  spalling  failure  of  ceramic  cylinder  after  repeated 
pressure  cycling  to  1  5,000  psi. 
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